Introduction
============

MicroRNAs (miRNAs/miRs), which are composed of 19-23 nucleotides, are a class of small, non-coding RNAs that serve a key role in regulating various biological processes, including tumor formation. miRNAs also modulate a variety of cellular processes, including the cell cycle and proliferation by attaching to the corresponding target binding sites at the 3\' untranslated region on their respective mRNA ([@b1-etm-0-0-8711]). Moreover, miR-375 can regulate insulin secretion and is regarded as a pancreatic islet-specific miRNA ([@b5-etm-0-0-8711]). Previous studies have also demonstrated that the expression of miR-375 is enriched in different organs, while its expression is downregulated in numerous malignant cancer types, including gastric and esophageal cancer, hepatocellular carcinoma and head and neck cancer ([@b6-etm-0-0-8711]); hence, miR-375 is known to be an important cancer-related miRNA ([@b10-etm-0-0-8711],[@b11-etm-0-0-8711]).

Avian leukemia is a general term used to describe various types of tumor diseases in poultry that are caused by the avian leukemia virus (ALV) and avian sarcoma virus ([@b12-etm-0-0-8711]). Avian leukemia was first identified in 1998 and can cause several infectious benign and malignant tumors, thus leading to large economic loss in the poultry industry ([@b13-etm-0-0-8711]). Until recently, there has been no effective vaccine to treat the disease. ALVs are classified into seven subgroups, referred to as A-E, J and K ([@b16-etm-0-0-8711]). Among these seven subgroups, ALV-J is the most prevalent and causes more damage to chickens compared with the other subgroups ([@b17-etm-0-0-8711]). Furthermore, ALV-J infection causes immunosuppression and various forms of myeloid leukosis and, to a lesser extent, solid tumors, such as hemangiomas and histiocytic sarcomas ([@b12-etm-0-0-8711]). Tumor hepatocyte gene chip screening in a previous study revealed that the expression of gga-miR-375 was significantly decreased in ALV-J-induced liver tumors in chickens ([@b18-etm-0-0-8711]).

The Hippo signaling pathway is a tumor suppressor pathway that regulates cell cycle distribution, cell proliferation, stem cell functions and organ size ([@b18-etm-0-0-8711],[@b19-etm-0-0-8711]). The effectors of the Hippo signaling pathway, Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) serve a key role in tumorigenesis, and recent preclinical data support the development of novel Hippo pathway-based targeted therapies to prevent and treat malignancies using pharmacological inhibition of YAP and TAZ activity ([@b20-etm-0-0-8711],[@b21-etm-0-0-8711]). YAP1 was originally identified as a factor that can control tissue growth and organ size in *Drosophila melanogaster*, and it is a key component of the Hippo signaling pathway and functions as an important oncogene in mammals ([@b22-etm-0-0-8711],[@b23-etm-0-0-8711]). Furthermore, YAP1, a 65 kDa proline rich phosphoprotein, is the primary downstream effector of the Hippo signaling pathway and acts as a transcriptional co-activator, which can bind to transcription- and cell cycle-associated genes, including cyclin D1 and cyclin E, and therefore regulates cell proliferation ([@b24-etm-0-0-8711]). A previous study revealed that overexpression of YAP1 can promote tumorigenesis in most, but not all, tumor types evaluated ([@b25-etm-0-0-8711],[@b26-etm-0-0-8711]). For example, as the core protein in the Hippo pathway, YAP1 can induce malignant mesothelioma cell proliferation ([@b27-etm-0-0-8711]). In addition, the abnormal expression of YAP1 could promote cell proliferation *in vitro* ([@b28-etm-0-0-8711]). It has also been shown that gga-miR-375 is significantly downregulated, while YAP1 is upregulated in liver tumors in chickens infected with ALV-J, and also that YAP1 is the target gene of gga-miR-375([@b29-etm-0-0-8711]). Furthermore, previous studies have revealed that the cell cycle and cell proliferation have a close association with tumor formation ([@b30-etm-0-0-8711]). Considering that gga-miR-375 and YAP1 play a key role in tumorigenesis in ALV-J-infected chickens ([@b29-etm-0-0-8711]), the present study aimed to investigate whether gga-miR-375 and YAP1 affected the cell cycle and proliferation in DF-1 cells to further determine the novel function of gga-miR-375 and YAP1.

The present results suggested that ALV-J infection may promote the cell cycle by promoting cell transition from G~1~ to S/G~2~ phase and may increase cell proliferation in DF-1 cells. Furthermore, it was identified that gga-miR-375 inhibited the cell cycle by maintaining DF-1 cells within the G~1~ phase and decreased cell proliferation, while YAP1 promoted DF-1 cell transition from G~1~ to S/G~2~ phase. It was further demonstrated that the knockdown of gga-miR-375 expression promoted the cell cycle and cell proliferation by targeting YAP1. Therefore, the present results provide novel insights on the cell cycle and cell proliferation regulated by gga-miR-375. Furthermore, the critical role of gga-miR-375 and YAP1 in the cell cycle and cell proliferation was identified in DF-1 cells.

Materials and methods
=====================

### Cell culture

DF-1 cells, an immortalized chicken embryo fibroblast cell line, were purchased from the American Type Culture Collection. Cells were cultured in DMEM supplemented (Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator at 37˚C with 5% CO~2~.The DF-1 cell line is a classic model for *in vitro* research ([@b34-etm-0-0-8711]).

### Virus and plasmid

The GD1109 strain of ALV-J and the PRK5-Flag were gifted from Professor Wencheng Lin, South China Agricultural University. The PRK5-Flag-YAP1 plasmid has been previously constructed and preserved ([@b29-etm-0-0-8711]). The cDNA of DF-1 cells was used to amplify YAP1 gene which was cloned into the pRK5-FLAG vector. The primers for YAP1 amplification are as follows: 5\'-ATGGATCCCGGGCAGCCTCA-3\' and 5\'-AGTTTTCTTGGTTATAG-3\'. The groups of pRK5-FLAG vector and mock were the control groups. For each transfection, 2 µg of plasmid were respectively transfected in a 6-well plate for 48 h using Lipofectamine^®^ 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer\'s protocol. Western blot analysis was used to detect the efficiency of cell transfection. 48 h after cell transfection, subsequent experiments were performed.

### RNA oligoribonucleotides and cell transfection

gga-miR-375 mimic and its negative control miRNA (gga-miR-NC) or anti-gga-miR-375 and anti-gga-miR-con inhibitor or siRNA-YAP1 and its negative control siRNA-scramble (siRNA-Scra) were purchased from Shanghai GenePharma Co., Ltd. The RNA oligoribonucleotides are listed in [Table I](#tI-etm-0-0-8711){ref-type="table"}. To prove YAP1 is a mediator of gga-miR-375, the following groups were set up: Anti-gga-miR-375; anti-gga-miR-375 + siRNA-YAP1; and anti-gga-miR-con + siRNA-YAP1. DF-1 cells (5x10^4^ cells per well) were cultured in 6-well plates overnight at 37˚C prior to transfection. Transfection was performed using X-tremeGENE small interfering (si)RNA transfection reagent (Roche Diagnostics GmbH) in a 6-well plate according to the manufacturer\'s protocol, and used at the concentration of 40 nM for each transfection ([@b29-etm-0-0-8711]). Following 48 h of transfection, reverse transcription-quantitative PCR (RT-qPCR) and western blotting were conducted.

### Infection experiments

ALV-J infection experiments included the experimental and the mock infected control group, which were performed in 6-well plates. 2 ml DMEM with 1.0x10^5^ cells were added into each well. Once the density of the cells reached 70-80%, the experimental group was infected with a multiplicity of infection of 1 for ALV-J at 37˚C and viral infection was detected at 24, 48 and 72 h.

### RNA isolation and RT-qPCR

TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract total RNA from DF-1 cells. RNA was reverse transcribed into cDNA using the PrimeScript RT reagent kit (Takara Bio, Inc.) according to the manufacturer\'s protocol. The following RT conditions were used: Initial denaturation at 37˚C for 15 min, followed by 85˚C for 5 sec and 4˚C for 5 min. The relative expression levels of miRNAs were determined using TaqMan miRNA assay (Thermo Fisher Scientific, Inc.) on an CFX96 Touch™ RT PCR detection system (Bio-Rad Laboratories, Inc.). The following thermocycling conditions were used for this qPCR: Initial denaturation at 95˚C for 15 min, followed by 40 cycles at 95˚C for 10 sec and at 60˚C for 60 sec. The relative expression levels of mRNA were quantified using the SYBR Premix Ex Taq (Takara Bio, Inc.) according to the manufacturer\'s protocol. The following thermocycling conditions were used for this qPCR: Initial denaturation at 95˚C for 3 min, followed by 40 cycles at 95˚C for 5 sec and at 60˚C for 30 sec. β-actin and U6 were used for mRNA and miRNA normalization, respectively. Specific primers were purchased from Sangon Biotech Co., Ltd. and are listed in [Table II](#tII-etm-0-0-8711){ref-type="table"}. The relative mRNA expression was calculated using the 2^-ΔΔCq^ method ([@b37-etm-0-0-8711]).

### Cell proliferation and the cell cycle assay

DF-1 cells (4,000 cells/well) were cultured in 96-well plates and when the cell density reached 70-80%, transfection was performed. A total of 10 µl Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) reagent was added to each well 24, 48 and 72 h after transfection and then incubated at 37˚C for 4 h according to the manufacturer\'s instructions. The absorbance was recorded at 450 nm.

The cell cycle assay was performed in 6-well plates and when the cell density reached 70-80%, transfection was performed. Flow cytometry was used to evaluate the distribution of cells in different phases of the cell cycle, basing the evaluation on the DNA content of 500 µl 1% propidium iodide (PI; Thermo Fisher Scientific, Inc.)-stained nuclei. After transfection for 48 h, cells were trypsinized and resuspended in 75% ethanol at a density of 1x10^6^ cells/ml, overnight at 4˚C, resuspended in PBS and dyed using the cell cycle dye solution (Cell Cycle and Apoptosis Analysis kit; Nanjing KeyGen Biotech Co., Ltd.) for 30 min at 37˚C in the dark. A flow cytometry (BD FACScalibur; BD Bioscience) was used to evaluate the cell cycle. Each group contained three replicate wells and all of the experiments were repeated independently three times. The results were analyzed using CellQuest Pro 4.0.2 (BD Biosciences).

### Western blot analysis

gga-miR-375 mimic, pRK5-Flag-YAP1, small interfering (si)RNA-YAP1 and gga-miR-375 inhibitor were transfected into DF-1 cells and subsequently subjected to western blot analysis. Proteins were homogenized or lysed in ice-cold RIPA lysis buffer (Santa Cruz Biotechnology, Inc.). The concentration of the protein was examined using Bradford protein assay kit (Bio-Rad Laboratories, Inc.). Protein samples (40 µg/lane) were separated by 12% SDS-PAGE and transferred to PVDF membranes (EMD Millipore). The membranes were blocked in Tris-buffered saline with 5% non-fat milk and 0.5% BSA for 1 h at room temperature. Membranes with corresponding proteins were incubated with the polyclonal rabbit anti-YAP1 primary antibody (cat. no. 13584-1-AP; 1:1,000; ProteinTech Group, Inc.), polyclonal rabbit anti-phospho-YAP1 primary antibody (cat. no. 13008; 1:11,000; Cell Signaling Technology, Inc.), polyclonal rabbit anti-cyclin D1 primary antibody (cat. no. 55506; 1:1,000; Cell Signaling Technology, Inc.), polyclonal mouse anti-p53 primary antibody (cat. no. 2524; 1:11,000; Cell Signaling Technology, Inc.), polyclonal rabbit anti-cyclin E primary antibody (cat. no. 4129; 1:1,000; Cell Signaling Technology, Inc.), monoclonal mouse anti-p27 primary antibody (the antibody was generated and generously provided by Professor Wencheng Lin; 1:1,000), polyclonal rabbit anti-MST1 primary antibody (cat. no. 3682; 1:1,000; Cell Signaling Technology, Inc.), polyclonal rabbit anti-SAV1 primary antibody (cat. no. 3507; 1:1,000; Cell Signaling Technology, Inc.), polyclonal rabbit anti-MOB1 primary antibody (cat. no. 3863; 1:1,000; Cell Signaling Technology, Inc.), polyclonal rabbit anti-LATS1 primary antibody (cat. no. 9153; 1:1,000; Cell Signaling Technology, Inc.), monoclonal rabbit anti-GAPDH primary antibody (cat. no. 2118; 1:1,000; Cell Signaling Technology, Inc.) and polyclonal mouse anti-β-actin primary antibody (cat. no. 33308; 1:1,000; Bioss Antibodies, Inc.) overnight at 4˚C. The membranes were then incubated with a horseradish peroxidase (HRP)-conjugated mouse polyclonal anti-rabbit IgG (H+L)-(cat. no. 0293R; 1:500; Bioss Antibodies, Inc) and goat polyclonal anti-mouse IgG-HRP (cat. no. 7076; 1:11,000; Cell Signaling Technology, Inc.) for 1.5 h at RT and washed four times using 0.1% Tween-20 solution. Blots were visualized with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Inc.) and bands were quantified using Image-Pro Plus v6.0 (Media Cybernetics, Inc.).

### Luciferase reporter assay

The putative target genes of gga-miR-375 were predicted using public available algorithms, including TargetScan (<http://targetscan.org>) and miRDB (<http://www.mirdb.org>). The predicted gga-miR-375 binding sites in the wild-type (WT) 3\'UTR of YAP1 and the corresponding mutant type (MUT) gga-miR-375 binding sites were cloned into a pGL3 vector (Promega Corporation). For the luciferase reporter assay, DF-1 cells (1x10^5^ cells/well) were seeded in 96-well plates and co-transfected with 300 ng WT-YAP1 or MUT-YAP1, and 100 nM of gga-miR-375 mimic or gga-miR-NC using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer\'s protocol. After 48 h transfection, the relative luciferase activities were measured using the dual-luciferase reporter assay system (Promega Corporation). *Renilla* luciferase activity was used for normalization.

### Statistical analysis

Statistical analysis was performed using SPSS 13.0 statistical software (SPSS, Inc.). A one-way or two-way ANOVA followed by the Tukey\'s post hoc tests were used to compare differences between two groups. A Student\'s t-test was used to compare differences between two groups. P\<0.05 was considered to indicate a statistically significant difference. For each separate set of experiments, three independent replicates were evaluated. Data are presented as the mean ± SD.

Results
=======

### Infection with ALV-J promotes the cell cycle and cell proliferation in DF-1 cells

In order to investigate the effect of ALV-J infection on cell proliferation, DF-1 cells were infected with ALV-J and the capsid protein p27 of ALV-J was used to track the viral replication ([Fig. 1A](#f1-etm-0-0-8711){ref-type="fig"}). CCK-8 is a widely used method for cell proliferation based on water soluble tetrazolium-8; therefore, a CCK-8 assay was used to determine proliferation of DF-1 cells. It was identified that ALV-J infection could significantly promote cell proliferation compared with the mock group ([Fig. 1B](#f1-etm-0-0-8711){ref-type="fig"}). Furthermore, the cell cycle was assessed using flow cytometry and the results indicated that the percentage of cells in G~1~ phase was decreased, while the percentage of cells in S and G~2~ phase was significantly increased in the ALV-J infected group compared with the mock group ([Fig. 1C](#f1-etm-0-0-8711){ref-type="fig"}). Thus, the results indicated that ALV-J infection *in vitro* promoted proliferation and the cell cycle by accelerating the transition from G~1~ phase to S/G~2~ phase.

### Overexpression of gga-miR-375 inhibits the cell cycle and proliferation of DF-1 cells

A previous study showed that ALV-J infection could downregulate gga-miR-375, while upregulating YAP1 expression ([@b18-etm-0-0-8711]). In addition, YAP1 was confirmed to be a target gene of gga-miR-375 in a previous study ([@b29-etm-0-0-8711]). In the present study, the effect of ALV-J infection on gga-miR-375 and YAP1 expression levels was analyzed, and a luciferase reporter gene assay experiment was performed to identify whether YAP1 is a target gene of gga-miR-375 ([Fig. S1](#SD1-etm-0-0-8711){ref-type="supplementary-material"}).

Next, the effect of gga-miR-375 overexpression on YAP1, cell proliferation and the cell cycle was assessed. Western blot analysis and RT-qPCR results suggested that gga-miR-375 overexpression significantly decreased YAP1 protein ([Fig. 2A](#f2-etm-0-0-8711){ref-type="fig"}) and mRNA expression ([Fig. 2B](#f2-etm-0-0-8711){ref-type="fig"}) levels. To determine the effect of gga-miR-375 overexpression on cell proliferation, a CCK-8 assay was performed and the results indicated that overexpression of gga-miR-375 could significantly inhibit cell proliferation compared with the NC group ([Fig. 2C](#f2-etm-0-0-8711){ref-type="fig"}). In addition, flow cytometry was conducted to investigate the effect of gga-miR-375 on the cell cycle, 48 h after transfection in DF-1 cells. It was identified that the overexpression of gga-miR-375 could significantly increase the percentage of cells in G~1~ phase, while the percentage of cells in S/G~2~ phase was significantly decreased compared with the NC group ([Fig. 2D](#f2-etm-0-0-8711){ref-type="fig"}), which was consistent with the cell proliferation results. In addition, overexpression of gga-miR-375 downregulated the protein expression levels of YAP1, cyclin D1 and cyclin E ([Fig. 2E](#f2-etm-0-0-8711){ref-type="fig"}). Furthermore, overexpression of gga-miR-375 upregulated the protein expression of p53 ([Fig. S2A](#SD2-etm-0-0-8711){ref-type="supplementary-material"}). Collectively, the results demonstrated that overexpression of gga-miR-375 downregulated cell proliferation and the cell cycle by sequestering the cells in G~1~ phase.

### Knockdown of gga-miR-375 promotes the cell cycle and cell proliferation in DF-1 cells

The expression of gga-miR-375 was knocked down using a gga-miR-375 inhibitor, and the effect on cell proliferation and cell cycle was subsequently investigated. DF-1 cells were transfected with either gga-miR-375 inhibitor or an inhibitor control, and a mock group was used as the control group. The RT-qPCR results demonstrated that the gga-miR-375 inhibitor could significantly downregulate the mRNA expression of gga-miR-375 compared with the control group ([Fig. 3A](#f3-etm-0-0-8711){ref-type="fig"}). In addition, western blot analysis and RT-qPCR results suggested that knockdown of gga-miR-375 significantly upregulated the protein and mRNA expression levels of YAP1 ([Fig. 3B](#f3-etm-0-0-8711){ref-type="fig"} and [C](#f3-etm-0-0-8711){ref-type="fig"}). Cell proliferation was determined using a CCK-8 assay, and the results indicated that knockdown of gga-miR-375 could significantly promote proliferation compared with the control group ([Fig. 3D](#f3-etm-0-0-8711){ref-type="fig"}). Furthermore, flow cytometry was performed to assess the effect of gga-miR-375 knockdown on the cell cycle, 48 h after transfection in DF-1 cells, and it was identified that knockdown of gga-miR-375 significantly decreased the number of cells in G~1~ phase, but increased the number of cells in S/G~2~ phase ([Fig. 3E](#f3-etm-0-0-8711){ref-type="fig"}). In addition, knockdown of gga-miR-375 in DF-1 cells upregulated the total protein expression levels of YAP1, cyclin D1 and cyclin E ([Fig. 3F](#f3-etm-0-0-8711){ref-type="fig"}). It was also identified that the knockdown of gga-miR-375 downregulated the protein expression of p53 ([Fig. S2B](#SD2-etm-0-0-8711){ref-type="supplementary-material"}). Therefore, the results suggested that knockdown of gga-miR-375 could promote cell proliferation and cell cycle progression by increasing the number of DF-1 cells from G~1~ to S/G~2~ phase.

### Overexpression of YAP1 promotes the cell cycle progression and proliferation in DF-1 cells

DF-1 cells were cultured in 6-well plates, transfected with pRK5-Flag-YAP1 overexpression plasmid and collected 48 h after transfection. Western blot analysis results indicated that YAP1 was successfully overexpressed in DF-1 cells ([Fig. 4A](#f4-etm-0-0-8711){ref-type="fig"}). Moreover, the CCK-8 assay results identified that the transfection of YAP1 for 24, 48 and 72 h could significantly promote cell proliferation compared with the control groups ([Fig. 4B](#f4-etm-0-0-8711){ref-type="fig"}). Furthermore, the effect of YAP1 on the cell cycle was determined using flow cytometry 48 h after transfection. It was identified that overexpression of YAP1 in DF-1 cells significantly decreased the percentage of cells in G~1~ phase, while the percentage of cells in S and G~2~ phase was significantly increased compared with the control group ([Fig. 4C](#f4-etm-0-0-8711){ref-type="fig"}). In addition, overexpression of YAP1 increased the protein expression levels of cyclin D1 and cyclin E ([Fig. 4D](#f4-etm-0-0-8711){ref-type="fig"}). Thus, it was speculated that the overexpression of YAP1 promoted cell proliferation and the cell cycle by accelerating the transition of DF-1 cells from G~1~ to G~2~/S phase.

### Knockdown of YAP1 inhibits cell cycle progression and proliferation in DF-1 cells

YAP1 was knocked down using siRNA, and its effect on cell proliferation and the cell cycle was evaluated. Either siRNA-YAP1 or siRNA-Scra control were transfected into DF-1 cells. Western blot analysis results indicated that YAP1 expression was significantly decreased in the siRNA-YAP1 transfection group ([Fig. 5A](#f5-etm-0-0-8711){ref-type="fig"}). Moreover, the CCK8 assay results identified that knockdown of YAP1 could significantly inhibit cell proliferation compared with the control group ([Fig. 5B](#f5-etm-0-0-8711){ref-type="fig"}). Furthermore, the effect of YAP1 knockdown on the cell cycle was observed using flow cytometry 48 h after transfection in DF-1 cells. The results suggested that knockdown of YAP1 in DF-1 cells significantly upregulated the number of cells in G~1~ phase and downregulated the number of cells in S/G~2~ phase ([Fig. 5C](#f5-etm-0-0-8711){ref-type="fig"}). Furthermore, knockdown of YAP1 inhibited the protein expression levels of cyclin D1 and cyclin E ([Fig. 5D](#f5-etm-0-0-8711){ref-type="fig"}). Collectively, the results suggested that knockdown of YAP1 inhibited proliferation and the cell cycle by maintaining DF-1 cells in the G~1~ phase.

### Knockdown of gga-miR-375 expression promotes the cell cycle and cell proliferation by targeting YAP1

To further assess whether YAP1 is a mediator of gga-miR-375, the following groups were used: Anti-gga-miR-375; anti-gga-miR-375 + siRNA-YAP1; and anti-gga-miR-con + siRNA-YAP1. In addition, anti-gga-miR-con, anti-gga-miR-375 + siRNA-Scra and anti-gga-miR-con + siRNA-Scra were used as the control groups, while the mock group was used as a negative control. It was identified that gga-miR-375 was successfully silenced by transfection of anti-gga-miR-375 ([Fig. 6A](#f6-etm-0-0-8711){ref-type="fig"}), and western blot analysis results indicated that inhibiting the expression of gga-miR-375 through transfection of anti-gga-miR-375 could significantly upregulate the protein expression of YAP1 compared with the anti-gga-miR-con group ([Fig. 6B](#f6-etm-0-0-8711){ref-type="fig"}). The results also indicated that transfection of anti-gga-miR-375 could significantly increase the protein expression of YAP1 compared with the anti-gga-miR-con group ([Fig. 6C](#f6-etm-0-0-8711){ref-type="fig"}). Moreover, the CCK-8 assay results identified that the anti-gga-miR-375 only group or anti-gga-miR-375 + siRNA-Scra group could significantly promote cell proliferation from 24-72 h ([Fig. 6D](#f6-etm-0-0-8711){ref-type="fig"}). However, proliferation was decreased after co-transfection with anti-gga-miR-375 + siRNA-YAP1 compared with the anti-gga-miR-375 + siRNA-Scra group ([Fig. 6D](#f6-etm-0-0-8711){ref-type="fig"}), thus indicating that YAP1 may be a mediator of gga-miR-375 in regulating cell proliferation.

The cell cycle analysis results demonstrated that co-transfection of anti-gga-miR-375 + siRNA-YAP1 could inhibit the cell cycle by maintaining cells in G~1~ phase compared with the anti-gga-miR-375 + siRNA-Scra group ([Fig. 6E](#f6-etm-0-0-8711){ref-type="fig"}), therefore suggesting that YAP1 is a mediator of gga-miR-375 in regulating cell cycle. Furthermore, western blot analysis results identified that co-transfection of anti-gga-miR-375 + siRNA-YAP1 could decrease the protein expression levels of YAP1, cyclin D1 and cyclin E compared with the anti-gga-miR-375 + siRNA-Scra group ([Fig. 6F](#f6-etm-0-0-8711){ref-type="fig"}). Collectively, the results indicated that knockdown of gga-miR-375 expression promoted the cell cycle and cell proliferation by targeting YAP1.

It has been shown that serine phosphorylation of YAP1 leads to YAP1 downregulation by cytoplasm sequestration and/or degradation, while non-phosphorylated (p)-YAP1 is activated and enters the nucleus ([@b38-etm-0-0-8711]). Moreover, YAP1 acts as a transcriptional activator and can bind to numerous transcription factors to regulate the expression levels of various genes ([@b23-etm-0-0-8711],[@b39-etm-0-0-8711]). Therefore, the present study detected p-YAP1 expression after ALV-J infection, knockdown of gga-miR-375 or overexpression of gga-miR-375. It was found that ALV-J infection or knockdown of gga-miR-375 could decrease p-YAP1 expression, while the overexpression of gga-miR-375 could increase p-YAP1 expression ([Fig. S3](#SD3-etm-0-0-8711){ref-type="supplementary-material"}). The results also demonstrated that after ALV-J infection or knockdown of gga-miR-375, p-YAP1 expression was downregulated, thus indicating that YAP1 is not degraded in the cytoplasm and this leads to an increase of YAP1. Since YAP1 is a member of the Hippo signaling pathway, the present study detected the expression levels of other members of this signaling pathway, including macrophage stimulating 1 (MST1), MOB kinase activator 1 (MOB1) and large tumor suppressor kinase 1 (LATS1), after overexpression gga-miR-375. It was demonstrated that the overexpression of gga-miR-375 had no effect on the protein expression levels of MST1, salvador family WW domain containing protein 1, MOB1 and LATS1 ([Fig. S4](#SD4-etm-0-0-8711){ref-type="supplementary-material"}). Therefore, the results suggested that gga-miR-375 directly affected YAP1, which in turn affected the cell cycle and cell proliferation, and ultimately tumor formation.

Discussion
==========

ALV-J is a retrovirus that commonly causes natural infection in chickens, and possibly neoplastic disease and other production problems ([@b40-etm-0-0-8711]). The cell cycle is regulated by a large number of transcription factors and signaling molecules, and affects cell proliferation ([@b41-etm-0-0-8711]); endless proliferation of cells is a hallmark of cancer ([@b42-etm-0-0-8711]). Furthermore, tumors are a type of disease characterized by uncontrolled cell proliferation. The cell cycle is a continuous and precise process, and it serves a key role in monitoring and regulating the development of tumor formation. Moreover, abnormality of cell cycle regulation is closely associated with the occurrence and development of tumors ([@b43-etm-0-0-8711]). Therefore, an in-depth study of cell cycle regulation would help to further the understanding of the mechanism involved in tumor formation. As ALV-J infection causes tumors in chickens, it was hypothesized that ALV-J infection could affect cell proliferation and the cell cycle. Therefore, the present study investigated the effect of ALV-J infection on these cellular processes in the DF-1 cell line. The results demonstrated that ALV-J infection promoted cell proliferation and the cell cycle by downregulating G~1~ phase, but upregulating S/G~2~ phase.

miRNAs serve an important role in numerous biological processes, including cell development, differentiation and proliferation, and may target oncogenes or acts as a tumor suppressor in the cell cycle ([@b44-etm-0-0-8711]). In the process of cell proliferation, miRNA can serve as a tumor suppressor or oncogene regulator, depending on the tissue and cellular environment ([@b45-etm-0-0-8711]). A previous study revealed that gga-miR-375 is significantly downregulated in ALV-J-induced tumors in the livers of chickens ([@b29-etm-0-0-8711]). Considering that in the present study, ALV-J infection was identified to promote cell proliferation and the cell cycle, it was speculated that gga-miR-375 may affect these cellular processes and could regulate the target gene YAP1, which may serve a key role in controlling this effect. Moreover, p53 is a tumor suppressor gene and its primary role is to arrest the cell cycle ([@b46-etm-0-0-8711]). In the present study, overexpression of gga-miR-375 was also identified to increase p53 protein expression, while knockdown of gga-miR-375 decreased p53 protein expression. Therefore, the results indicated that the downregulation of gga-miR-375 by ALV-J infection decreased the protein expression of p53, which affected the arrest of the cell cycle.

The present study also examined the effect of gga-miR-375 and YAP1 on cell proliferation and the cell cycle. It was identified that overexpression of gga-miR-375 inhibited cell proliferation and the cell cycle by reducing cell transformation from G~1~ phase to S/G~2~ phase, while knockdown of gga-miR-375 promoted these cellular processes by increasing cellular transition from G~1~ phase to S/G~2~ phase. YAP1 is a target gene of gga-miR-375, and gga-miR-375 serves a suppressive role in the regulation of YAP1 ([@b18-etm-0-0-8711],[@b47-etm-0-0-8711]). Furthermore, YAP1 has been reported to be a core protein in the Hippo pathway that affects the cell cycle ([@b48-etm-0-0-8711]). In relation to the target gene of gga-miR-375, YAP1, the flow cytometry cell cycle analysis results demonstrated that YAP1 overexpression could increase the transition of DF-1 cells from G~1~ to S/G~2~ phase. Moreover, the CCK-8 assay results suggested that the overexpression of YAP1 could increase cell proliferation from 24-72 h. However, knockdown of YAP1 decreased cell proliferation and inhibited the cell cycle by maintaining DF-1 cells at G~1~ phase.

Cyclin D1 and cyclin E play a key role in regulating the cell cycle, and the downregulation of these factors results in the arrest of the cell cycle ([@b51-etm-0-0-8711],[@b52-etm-0-0-8711]). The present results suggested that gga-miR-375 overexpression in DF-1 cells downregulated the total protein expression levels of YAP1, cyclin D1 and cyclin E. However, knockdown of gga-miR-375 in DF-1 cells upregulated the protein expression of YAP1, and also increased the protein expression levels of cyclin D1 and cyclin E. Moreover, overexpression of YAP1 increased the expression levels of cyclin D1 and cyclin E, while knockdown of YAP1 inhibited the expression levels of these factors. Therefore, the present results suggested that downregulation of gga-miR-375 and upregulation of YAP1 by ALV-J infection affected the cell cycle by altering the protein expression levels of cyclin D1 and cyclin E. Numerous studies have shown that cyclin D1 and cyclin E can mediate the development of cancer ([@b53-etm-0-0-8711],[@b54-etm-0-0-8711]); therefore, as gga-miR-375 and YAP1 can affect the expression levels of these two proteins, this may be the mechanism through which gga-miR-375 targets YAP1 to promote tumor formation.

The present results identified that YAP1 may be a mediator of gga-miR-375, and that gga-miR-375 could affect cell proliferation and the cell cycle by targeting YAP1. Thus, the results provided evidence that the cell cycle and cell proliferation may be affected by gga-miR-375 targeting YAP1 in DF-1 cells. In addition, it was demonstrated that after ALV-J infection or knockdown of gga-miR-375, p-YAP1 expression was downregulated, thus indicating that YAP1 is not degraded in the cytoplasm and this leads to an increase of YAP1. It was further found that the overexpression of gga-miR-375 had no effect on the protein expression levels of MST1, salvador family WW domain containing protein 1, MOB1 and LATS1. Therefore, the results suggested that gga-miR-375 directly affected YAP1, which in turn affected the cell cycle and cell proliferation, and ultimately tumor formation.

In conclusion, it was identified that gga-miR-375 inhibited proliferation and the cell cycle by maintaining DF-1 cells in G~1~ phase. Moreover, YAP1 could promote cell proliferation and the cell cycle by increasing cellular transition from G~1~ to S/G~2~ phase. The results also indicated that gga-miR-375 inhibited these cellular processes by targeting YAP1. Furthermore, downregulation of gga-miR-375 and upregulation of YAP1 by ALV-J infection affected the cell cycle by altering the protein expression levels of cyclin D1 and cyclin E, which may be the possible mechanism through which gga-miR-375 targets YAP1 to promote tumor formation. Therefore, the results of the present study provided further evidence of the role between gga-miR-375 and YAP1 in proliferation and the cell cycle in DF-1 cells, thus suggesting that these cellular processes are affected by gga-miR-375 targeting of YAP1, which may be an important regulator of tumorigenesis.
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###### Figure S1. Identification of YAP1 as a target gene of gga-miR-375 and the expression levels of gga-miR-375 and YAP1 in DF-1 cells after ALV-J infection. (A) Seed region complementary to gga-miR-375 and YAP1. (B) gga-miR-375 is important for the relative luciferase activity of YAP1 (C) gga-miR-375 was successfully overexpressed after transfection with gga-miR-375 mimic in DF-1 cells. (D) Reverse transcription-quantitative PCR results identified that gga-miR-375 overexpression could downregulate the mRNA expression of YAP1 48 h after transfection. (E) Overexpression of gga-miR-375 could downregulate the protein expression of YAP1 48 h after transfection using western blot analysis. (F) ALV-J infection decreased gga-miR-375 expression 48 h after transfection in DF-1 cells. ALV-J infection increases YAP1 (G) mRNA and (H) protein expression levels 48 h after transfection in DF-1 cells. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01. ALV-j, avian leukosis virus subgroup J; YAP1, Yes-associated protein 1; miR, microRNA; wt, wild-type; mut, mutant; NC, negative control; 3\'UTR, 3\'untranslated region.

###### Figure S2. gga-miR-375 affects the protein expression of p53 in DF-1 cells. (A) Overexpression of gga-miR-375 upregulated the protein expression of p53. Cells were transfected with gga-miR-375 mimic, gga-miR-NC or mock for 48 h and western blot analysis with antibodies against p53 and β-actin was performed. gga-miR-NC and mock groups were used as the control groups. (B) Knockdown of gga-miR-375 downregulated the protein expression of p53. DF-1 cells were transfected with gga-miR-375 inhibitor and harvested 48 h after transfection for western blot analysis. Anti-gga-miR-con group and mock group were the control groups. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01. miR, microRNA; NC, negative control; con, control.

###### Figure S3. Effect of ALV-J infection, gga-miR-375 overexpression or silencing gga-miR-375 on YAP1 and p-YAP1. (A) ALV-J infection increased the expression of YAP1, but decreased p-YAP1 at 48 h after infection in DF-1 cells. (B) Cells were transfected with gga-miR-375 inhibitor and harvested 48 h after transfection for western blot analysis with antibodies against YAP1, p-YAP1 and β-actin. Anti-gga-miR-con and mock groups were used as the control groups. (C) Cells were transfected with gga-miR-375 and harvested 48 h after transfection for western blot analysis with antibodies against YAP1, p-YAP1 and β-actin. gga-miR-con group and mock group were the control groups. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01. p, phosphorylated; miR, microRNA; con, control; YAP1, Yes-associated protein 1.

###### Figure S4. Effect of gga-miR-375 on the expression levels of MST1, SAV1, MOB1 and LATS1. Cells were transfected with gga-miR-375 and harvested 48 h after transfection for western blot analysis with antibodies against MST1, SAV1, MOB1, LATS1 and GAPDH. gga-miR-NC group was the control group. Data are presented as the mean ± SD of three independent experiments. n.s., not significant; NC, negative control; miR, microRNA; MST1, Macrophage stimulating 1; MOB1, MOB kinase activator 1; LATS1, large tumor suppressor kinase 1; SAV1, salvador family WW domain containing protein 1.
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![ALV-J infection in DF-1 cells promotes proliferation and the cell cycle. (A) DF-1 cells were infected with ALV-J GD1109 strain with a multiplicity of injection of 1. Cells were harvested at 24, 48 and 72 h for western blot analysis with antibodies against p27 and β-actin. p27, the capsid protein of ALV-J, was used to measure the viral replication in DF-1 cells. Densitometry analysis was conducted to compare the viral replication in ALV-J-infected group compared with the mock group. (B) Cell proliferation analysis was performed using the Cell Counting Kit-8 assay in DF-1 cells infected with ALV-J, which were examined at 24, 48 and 72 h after transfection. The mock group is the control group. (C) Cell cycle assay was performed in DF-1 cells infected with ALV-J for 48 h, stained with PI and evaluated with a FACSCalibur flow cytometer compared with the mock group. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01. ALV-J, avian leukosis virus; PI, propidium iodide; OD, optical density.](etm-20-01-0530-g00){#f1-etm-0-0-8711}

![Overexpression of gga-miR-375 inhibits proliferation and the cell cycle in DF-1 cells. DF-1 cells transfected with gga-miR-375 mimic decreases YAP1 (A) protein and (B) mRNA expression levels after 48 h of transfection. gga-miR-NC and mock are the control groups. (C) Overexpression of gga-miR-375 inhibits cell proliferation as indicated by Cell Counting Kit-8 assay results. (D) Overexpression of gga-miR-375 inhibits cell cycle progression as measured with a FACSCalibur flow cytometer. (E) Overexpression of gga-miR-375 downregulates the expression levels of YAP1, cyclin D1 and cyclin E. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01. NC, negative control; miR, microRNA; YAP1, Yes-associated protein 1; OD, optical density; PI, propidium iodide.](etm-20-01-0530-g01){#f2-etm-0-0-8711}

![Knockdown of gga-miR-375 promotes proliferation and the cell cycle in DF-1 cells. (A) DF-1 cells transfected with anti-gga-miR-375 had decreased gga-miR-375 mRNA expression at 48 h following transcription. Anti-gga-miR-con group and mock group were used as the controls. DF-1 cells transfected with anti-gga-miR-375 exhibited increased (B) YAP1 protein and (C) mRNA expression levels compared with the control groups. (D) Overexpression of anti-gga-miR-375 promotes cell proliferation as indicated by Cell Counting Kit-8 assay results 24, 48 and 72 h after transfection. (E) Overexpression of anti-gga-miR-375 promotes the cell cycle as demonstrated by flow cytometry results. (F) DF-1 cells transfected with anti-gga-miR-375 had upregulated expression levels of YAP1, cyclin D1 and cyclin E. Anti-gga-miR-con and mock groups were used as the control groups. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01 vs. anti-miR-con group. miR, microRNA; YAP1, Yes-associated protein 1; NC, negative control; con, control; OD, optical density.](etm-20-01-0530-g02){#f3-etm-0-0-8711}

![OE of YAP1 promotes proliferation and cell cycle in DF-1 cells. (A) DF-1 cells transfected with pRK5-Flag-YAP1 were harvested after 48 h for western blot analysis with antibodies against YAP1 and β-actin. (B) OE of YAP1 promotes cell proliferation as identified by Cell Counting Kit-8 assay results 24, 48 and 72 h after transfection. (C) OE of YAP1 promotes the cell cycle, as demonstrated by flow cytometry. (D) OE of YAP1 promotes the protein expression levels of cyclin D1 and cyclin E after 48 h of transfection. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01 vs. EV group. EV, empty vector; YAP1, Yes-associated protein 1; OD, optical density; OE, overexpression; PI, propidium iodide.](etm-20-01-0530-g03){#f4-etm-0-0-8711}

![Knockdown of YAP1 inhibits proliferation and the cell cycle in DF-1 cells. (A) DF-1 cells were transfected with siRNA-YAP1 and harvested 48 h later for western blot analysis with antibodies against YAP1 and β-actin. (B) Knockdown of YAP1 inhibits cell proliferation as demonstrated by Cell Counting Kit-8 assay results 24, 48 and 72 h after transfection. (C) Flow cytometry results indicated that knockdown of YAP1 inhibited the cell cycle. (D) Knockdown of YAP1 inhibits the protein expression levels of cyclin D1 and cyclin E after 48 h transfection. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01 vs. siRNA-Scra group. YAP1, Yes-associated protein 1; siRNA, small interfering RNA; Scra, scramble; PI, propidium iodide; OD, optical density.](etm-20-01-0530-g04){#f5-etm-0-0-8711}

![Knockdown of gga-miR-375 expression promotes the cell cycle and cell proliferation by targeting YAP1. (A) DF-1 cells transfected with anti-gga-miR-375 had decreased gga-miR-375 mRNA expression at 48 h as assessed by reverse transcription-quantitative PCR. Anti-gga-miR-con and mock groups are the controls. (B) Protein expression of YAP1 was measure after DF-1 cells were transfected for 48 h with anti-gga-miR-375. (C) Protein expression levels of YAP1 after 48 h transfection with anti-gga-miR-375 or co-transfected with anti-gga-miR-375 + siRNA-YAP1. (D) Knockdown of gga-miR-375 promoted cell proliferation by targeting YAP1, as identified by Cell Counting Kit-8 assay results after 24, 48 and 72 h. (E) Flow cytometry results indicated that knockdown of gga-miR-375 expression promoted the cell cycle by targeting YAP1. The cell cycle assay was performed after knockdown of gga-miR-375 or gga-miR-375 + YAP1 in DF-1 cells and evaluated with a FACSCalibur flow cytometer 48 h after transfection. (F) DF-1 cells transfected with anti-gga-miR-375 or anti-gga-miR-375 + siRNA-YAP1 were harvested 48 h after transfection for western blot analysis with antibodies against YAP1, cyclin D1, cyclin E and β-actin. Data are presented as the mean ± SD of three independent experiments. ^\*\*^P\<0.01. YAP1, yes-associated protein 1; miR, microRNA; siRNA, small interfering RNA; PI, propidium iodide; OD, optical density; Scra, scramble.](etm-20-01-0530-g05){#f6-etm-0-0-8711}

###### 

RNA oligoribonucleotides used for cell transfection.

  Gene                                Sequence (5\'-3\')
  ----------------------------------- -------------------------------
  gga-miR-375                         Sense: UUUGUUCGUUCGGCUCGCGUUA
  Antisense: UAACGCGAGCCGAACGAACAAA   
  gga-miR-NC                          Sense: UUGUACUACACAAAAGUACUG
  Antisense: GUACUUUUGUGUAGUACAAUU    
  Anti-gga-miR-con                    Sense: CAGUACUUUUGUGUAGUACAA
  Anti-gga-miR-375                    Sense: UAACGCGAGCCGAACGAACAAA
  siRNA-YAP1                          Sense: GGACAGAGAUACUUCCUUATT
  Antisense: UAAGGAAGUAUCUCUGUCCTT    
  siRNA-Scra                          Sense: UUCUCCGAACGUGUCACGUTT
  Antisense: ACGUGACACGUUCGGAGAATT    

miR, microRNA; NC, negative control.

###### 

Primers used for reverse transcription-quantitative PCR.

  Gene                      Primers (5\'-3\')
  ------------------------- -------------------------
  YAP1                      F: GAACTCAGCATCAGCCATGA
  R: CTACGGAGAGCCAATTCCTG   
  gga-miR-375               TGTTCGTTCGGCTCGCGTTA
  β-actin                   F: CTGGCACCTAGCACAATGAA
  R: CTGCTTGCTGATCCACATCT   
  U6                        F: GCCTGGACTGAGTAAGAGCG
  R: GCCCCTTTTTGTCCGTTTCC   

F, forward; R, reverse; miR, microRNA; YAP1, Yes-associated protein 1.
